) and heating rate (2, 5, 10 and 20 °C 
Introduction
Combustion is the most simple and direct technology currently available for oil shale utilization [1] . However, growing concerns regarding CO 2 , SO 2 , and NO x emissions and their potential impact on climate change have necessitated the investigation of alternative technologies for oil shale-fired power plants.
Oxy-fuel combustion is an innovative and promising clean combustion technology that can be used to capture cheap CO 2 from flue gases at concentrations enriched up to 95% [2] [3] [4] . The gas atmosphere in oxy-fuel combustion differs completely from that in conventional combustion. This is because the special property of CO 2 is that it has a higher specific heat and lower thermal diffusivity compared to those of N 2 and the mass transport of O 2 to and through the reacting particles changes owing to the differences in its mass diffusivity between CO 2 and N 2 [3] . Thus, the combustion and kinetic characteristics of solid fuels in oxy-fuel combustion are of interest in fuel research [3] [4] [5] [6] [7] [8] [9] [10] [11] .
However, only a few researches have been conducted into the combustion behavior of oil shale in oxy-fuel conditions using the thermogravimetric (TG) method. Jabber and Probert [8] reported that there was a slightly greater mass loss during the devolatilization of Jordanian oil shale in CO 2 than in N 2 , and that the CO 2 -char reaction was more likely to occur at high temperatures. Meriste et al. [9] compared the oxidation kinetics of oil shale and coal in 79% Ar/21% O 2 and 70% CO 2 /30% O 2 . Yörük et al. [10] showed that the pyrolysis behavior of Estonian oil shale was very similar in Ar and CO 2 during water evaporation and organic matter decomposition, and the rate constants for char oxidation in O 2 /CO 2 were approximately 1.2-1.3-times higher than those in the O 2 /Ar atmosphere. Additionally, Loo et al. [11] studied the combustion behavior of Estonian oil shale in O 2 /N 2 and O 2 /CO 2 environments with different oxygen concentrations (10, 20 and 30%) , and found that the carbonate minerals in oil shale decomposed in one step in O 2 /N 2 and in two separate steps in O 2 /CO 2 , but their kinetic characteristics were not investigated.
The combustion behavior of Huadian oil shale in the atmosphere of O 2 /N 2 of different concentrations has been studied by Bai et al. [12] . The researchers found that the combustion performance of oil shale could be significantly improved with an increase in oxygen concentration from 10 to 50%. Xie et al. [13] investigated the pyrolytic behavior of Huadian oil shale in N 2 and CO 2 atmospheres and discovered that the carrier gas did not change the mass loss or the mechanism of devolatilization of organic matter, while the decomposition of carbonate minerals could be retarded by CO 2 . Nevertheless, the combustion reactivity and kinetics of Huadian oil shale under oxy-fuel conditions have not yet been thoroughly explored. More researches are needed to fully understand the oxy-fuel combustion process of Huadian oil shale and its reaction kinetics.
In the present study, the characteristics of oil shale combustion in O2/CO2 atmospheres are compared to those in O 2 /N 2 atmospheres by using non-isothermal methods. The effect of oxygen concentration and heating rate on the oil shale combustion are also studied. In addition, Kissinger-AkahiraSunose (KAS) and Friedman methods are applied to determine the kinetic parameters of the combustion process.
Experimental

Material
Samples of Huadian oil shale, China were selected for this study. Raw oil shale samples were ground and sieved to a grain size less than 88 μm and dried at 45-50 °C for 24 hours before experiment. The physical properties of oil shale are presented in Table 1 . 
13.07
Note: ad = air-dried.
Thermogravimetric analysis
The TG analysis experiments were carried out on a Netzsch STA 449C thermal analyzer system. The samples were heated up to 850 °C at the heating rates of 2, 5, 10 and 20 °C min −1 in both CO 2 -based and N 2 -based atmospheres with 10, 20, 30, 50, 65 and 80% O 2 . Repeated experiments were performed to ensure the reproducibility.
Characteristic parameters and combustion reactivity
Ignition temperature (T i ), maximum mass loss rate temperature (T max ) and burnout temperature (T b ) were used to describe the thermal behavior of oil shale during combustion.
The combustion reactivity index, R, is expressed as [14] :
where α = (m 0 -m)/(m 0 -m  ) is the conversion fraction obtained from the TG/derivative thermogravimetric (DTG) curves, m 0 , m  and m represent the initial, final and instantaneous mass of the sample, respectively, and dt d /  is the conversion rate. The combustion reactivity is dependent on the solid-fuel conversion. In this study, the combustion reactivities at both 5% conversion (R 5 ) and 50% conversion (R 50 ) were used to evaluate the combustion performance of oil shale.
The product release index, r [15] , which reflects the product release intensity during combustion, is expressed as:
where max ( / ) dw dt is the maximum mass loss rate, % min −1 , and △T 1/2 is the temperature range of the half-peak, °C. Generally, the high product release index r means that during the process an intensive release of products takes place.
Kinetic method
In this study, the activation energies were determined from experiments at heating rates of 2, 5, 10 and 20 °C min −1 by using KAS and Friedman methods.
The general kinetic equation is usually defined as: 
where G(α) is the integral form of
The equation for the Friedman method [17] is:
Under the conversion at different temperatures and heating rates, the According to the TG results, the main stages of oil shale combustion are water evaporation (below 200 °C), organic matter combustion (200-600 °C) and inorganic matter decomposition (above 650 °C) for both CO 2 -based and N 2 -based atmospheres. As shown in Figure 1 , the combustion behavior of oil shale is dissimilar at different proportions of CO 2 and N 2 , especially above 250 °C in the atmosphere of high CO 2 /N 2 concentrations, which indicates that CO 2 and N 2 have a different influence on the combustion of organic matter. Figure 2a shows that at a constant volume of CO 2 its density and specific heat are both higher than those of N 2 at a temperature of 200-700 °C. At the same time, with increasing temperature, the specific heat of CO 2 at constant pressure and its thermal conductivity become higher compared with those of N 2 . The differences in physical properties between CO 2 and N 2 are the major reason for the disparities between the combustions in O 2 /CO 2 and O 2 /N 2 . The differences in specific heat and thermal conductivity between CO 2 and N 2 lead to the different gas heat transfer process. In addition, the mass transport process of O 2 to and through the reacting particles is also different due to the differences in the mass diffusivity of oxygen through the diluent gas [3] . Figure 2b shows that the differences in density, specific heat, thermal conductivity and thermal diffusivity between O 2 /CO 2 and O 2 /N 2 atmospheres decrease with the oxygen concentration increasing from 10 to 80%. With 10% O 2 , the organic matter combusted earlier and in narrower temperature ranges in CO 2 -based atmospheres than in N 2 -based atmospheres. Furthermore, there are two strong peaks in DTG curves, one between 230 and 390 °C and the other in the range of 390-500 °C in CO 2 -based atmospheres, and at 230-480 °C and 480-550 °C in N 2 -based atmospheres (Fig. 1a) . The T max in 10% O 2 /90% CO 2 is 423 °C and 454 °C in 10% O 2 /90% N 2 . The combustion reactivity in 10% O 2 /90% CO 2 , as indicated by the combustion reactivity indices (R 5 and R 50 ) and product release index (r), is higher than that in the 10% O 2 /90% N 2 atmosphere (Table 2) , which is primarily due to the differences in physical and thermal properties, such as density, specific heat and thermal conductivity, between the gas atmospheres [3, 10] . The gasification reaction between CO 2 and fixed carbon may occur earlier at a high concentration of CO 2 . This also means that longer residence times or higher temperatures are needed for oxidation of oil shale in N 2 -based atmospheres than in CO 2 -based atmospheres whose oxygen concentration is low.
With 80% O 2 , the combustion behavior of oil shale in CO 2 -based and N 2 -based atmospheres is very similar up to 550 °C. The T max of organic matter combustion is at around 400 °C in both the atmospheres. The combustion reactivity in 20% CO 2 is slightly lower than that in 20% N 2 . There is no significant mass loss difference until the end of organic devolatilization, and the TG curves for the oil shale samples in 80% O 2 /20% CO 2 and 80% O 2 /20% N 2 are almost superimposable. This indicates that when the oxygen concentration increases to some extent, the effect of the diluent gas on the physical and chemical processes of combustion becomes negligible (Fig. 2b) .
When the temperature increases above 650 °C, the endothermic decomposition of carbonates in oil shale proceeds in one step at 650-750 °C in N 2 -based atmospheres, while there is a slow and continuous decrease in the process intensity from 650 °C to 850 °C in CO 2 -based environements, as TG curves show (Fig. 1a, 1b) . This may be because the char formed during the organic combustion process is gasified by CO 2 . At the same time, the carbonates decomposition may be delayed in CO 2 -based atmospheres. Xie et al. [13] observed an obvious delay in the decomposition of mineral carbonates in Huadian oil shale in CO 2 -based atmospheres when the temperature was above 700 °C. Estonian oil shale undergoes two reaction steps in oxy-fuel conditions above 650 °C, the first in the 650-890 °C range and the second between 890 and 960 °C [9] [10] [11] . Furthermore, Yörük et al. [10] reported that the decomposition temperatures of MgCO 3 and CaCO 3 in CO 2 were different and the processes proceeded with maximum rates at 750 °C and 920 °C, respectively. The different properties of oil shale (especially the composition of shale ash) and the reactivity of char may have different influences on carbonates decomposition and the char-CO 2 reaction during the gasification process. Furthermore, the maximum experimental temperature (850 °C) used in this study also influenced the entire decomposition processes of carbonates. 
Effects of oxygen concentration and heating rate
The combustion performance of oil shale at various concentrations of CO 2 and N 2 was determined at a heating rate of 10 °C min −1 (Fig. 3) . A higher oxygen concentration in both CO 2 -based and N 2 -based atmospheres leads to a faster combustion of organic matter, while T max and T b of organic matter combustion decrease with increasing oxygen concentrations, especially from 10 to 50%. The effect is stronger in N 2 than in CO 2 . This may be because the diffusivity of O 2 in N 2 is stronger than that in CO 2 , which improves the transport of O 2 from the mixture gas to the oil shale particle surfaces. Moreover, the combustion in the CO 2 atmosphere is more intense than that in N 2 when the oxygen concentration is low.
The product release index (r) increases as the oxygen concentration increases in both CO 2 -based and N 2 -based atmospheres, which indicates that the products are formed intensively at high oxygen concentrations. This is consistent with the results reported by Bai et al. [12] . The combustion reactivity indices R 5 and R 50 first increase and then decrease when the oxygen concentration in CO 2 -based atmospheres is increased, reaching their maximum values at an oxygen concentration of 65% and 20%, respectively. In N 2 -based atmospheres, R 5 rises with increasing oxygen concentration, while R 50 reaches its maximum value when the oxygen concentration is about 30%. Consequently, the oil shale combustion performance can be greatly enhanced by increasing the oxygen concentration, but this improvement becomes less considerable when the oxygen concentration is beyond a certain concentration [12] . Moreover, R 5 in CO 2 -based atmospheres is increased slightly less than that in N 2 -based atmospheres (except for the oxygen concentration of 80%). The R 50 values in CO 2 -based atmospheres are lower than those in N 2 -based atmospheres except for oxygen concentrations of 10% and 20%. The higher specific heat and lower diffusivity of CO 2 compared to those of N 2 worsen the transport of O 2 from the mixture gas to the oil shale particle surfaces and reduce the oil shale combustion rate in oxy-fuel conditions at high temperatures at high oxygen concentrations. The heat release process is slightly less vigorouslower than the combustion process during TG tests. The oxygen concentration has almost no influence on the decomposition of inorganic matter in the O 2 /N 2 mixture. This is in agreement with the results obtained by Loo et al. [11] . However, the maximum experimental temperature in the current study made it impossible to analyze the influence of oxygen concentration on the mineral decomposition in the O 2 /CO 2 atmosphere. Loo et al. [11] found that a higher oxygen concentration could reduce the characteristic temperatures of the second stage of the combustion process, but had little influence on carbonates decomposition. Furthermore, there were no obvious differences in the total mass losses of oil shale between CO 2 -based and N 2 -based atmospheres in the studied temperature range. Figure 4 shows the TG and DTG curves of the combustion process of samples at heating rates of 2, 5, 10 and 20 °C min −1 at an oxygen concentration of 30%. As seen from Figure 4 and Table 2 , the combustion processes are clearly affected by the heating rates in both CO 2 -based and N 2 -based atmospheres. The characteristic temperatures T i , T max , T b and the product release index (r) in the organic matter combustion stage increases as the heating rate increases in both atmospheres, indicating that there exists thermal hysteresis if heating rates are high [18] . For low heating rates with a long combustion time, the reaction proceeds more vigorously and the mass loss occurs in a narrower temperature range due to a homogenous temperature distribution within the oil shale particles, while the release of products is rapid and intensive as a result of a short combustion time at high heating rates [12] . At the same time, there is no certain relationship between the combustion reactivity indices (R 5 and R 50 ) and heating rates. 
Kinetic analysis
The calculated activation energies are given in Tables 3 and 4 . The activation energies determined by the Friedman method are slightly higher than those obtained by the KAS method for both CO 2 -based and N 2 -based atmospheres. This deviation is attributed to the discrepancy in equation parameters, numerical differentiations and model assumptions [19] , and is also consistent with the results of other researches [12, 18, 20] . From Tables 3 and 4 it can be seen that the activation energy values fluctuate significantly. If α is 0.1 or 0.9, especially in oxy-fuel combustion, the lower R 2 value indicates that the reaction is unstable during the initial and end periods of oil shale combustion.
The decrease of activation energy in the initial period of combustion reveals that at this stage the process is rather complex and proceeds slowly [9] . After exceeding the threshold energy, the product changes into a reactant and combusts, after which the whole process proceeds more rapidly [12] . The fluctuating activation energies for organic matter combustion at α = 0.2-0.8, particularly for oxy-fuel combustion, are mainly in relation to the two DTG peaks [12, 21] . At the same time, different components are burned during low-temperature and high-temperature oxidation periods, while macromolecular non-volatiles and inert components are burned at a higher temperature, which hinders the mass transfer and decreases the combustion reactivity, as a result, the activation energy increases [12, 21, 22] . When the conversion rate exceeds 0.9, a high energy is needed for inorganic matter decomposition [9] .
For CO 2 -based atmospheres, the activation energy values for organic matter combustion markedly decline, from 90.2 to 73.6 kJ mol −1 , when using the KAS method, and from 100.6 to 80.6 kJ mol −1 by using the Friedman method, with α = 0.2-0.8 and the oxygen concentration of 10%. With increasing oxygen concentration, the activation energy at α = 0.2-0.8 first decreases until α = 0.4 and then increases up to α = 0.7, after which it decreases again. The kinetics of oil shale combustion in the atmosphere of O 2 /N 2 of different concentrations has been discussed in more detail by Bai et al. [12] . The researchers employed heating rates of 5, 10 and 20 °C min 
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obtained in the current study comply with the data reported by Bai et al. earlier [12] . As seen from Figure 5 and Tables 3 and 4 , the average activation energy at α = 0.2-0.8 for both CO 2 -based and N 2 -based atmospheres increases with increasing oxygen concentration, except for 30% O 2 /70% CO 2 . The activation energy of oil shale is influenced by the concentration of activated molecules, diffusion limitation and organic impurities present in the combustion process [5, 22, 23] . An increase in the oxygen ratio can enhance the oxidation of kerogen and accelerate the decomposition of inorganic matter, making the reaction more intense [11] and increasing the activation energy. As shown in Figure 5 , the average activation energies of organic matter combustion in CO 2 -based atmospheres are higher than those in N 2 -based environments when the oxygen concentration is 10% and 20%. This indicates that the dissimilarity between CO 2 -based and N 2 -based atmospheres cannot be neglected if oxygen concentrations are low. The physical and thermal parameters of CO 2 , such as density, specific heat at constant volume and thermal conductivity, are all higher than those of N 2 to various degrees at temperatures up to 400 °C (Fig. 2a) , which leads to a delay in the increase of the temperature of gas and fuel particles under CO 2 -based conditions [3] . This may diminish the thermal hysteresis and the temperature gradient in the shale particles, allowing the reaction to proceed more homogeneously and intensively and making the product generation and diffusion more balanced in CO 2 -based atmospheres. In addition, the carbon gasification catalyzed by the mineral matter in oil shale [8, 24, 25] takes place between CO 2 and semicoke/fixed carbon during the devolatilization process at high CO 2 concentrations [11] , which can improve the pore structure and particle diffusion. Therefore, the organic matter combusts quickly and numerous complex reactive processes occur simultaneously in high-concentration CO 2 atmospheres as seen from Figure 1a , thus increasing the activation energy in these atmospheres.
For 30% O 2 /70% CO 2 , more active reaction sites appear to promote organic matter combustion by the elevated oxygen level, and, meanwhile, the pore and surface areas are increased due to the CO 2 -char reaction [26] . Consequently, the combustion activation energies in 30% O 2 /70% CO 2 are lower than those in the 30% O 2 /70% N 2 atmosphere. The negligible difference in activation energy between CO 2 -based and N 2 -based environments with oxygen concentrations above 50% indicates that the element plays a leading role in organic matter combustion at high concentrations, while at concentrations above 50% its contribution to improving the combustion process does not increase [12] . Al-Makhadmeh et al. [27, 28] studied the oxy-fuel combustion of oil shale by using a 20 kW once-through furnace, and found that SO 2 and NO X emissions under oxy-fuel conditions were lower than those in conventional combustion when the oxygen concentration was about 30%. Considering the cost, the improvement of combustion behavior by further oxygen enrichment above 50% may not be justified. An oxygen concentration of 30% may be the best choice, especially for the 30% O 2 /70% CO 2 atmosphere.
Conclusions
The combustion and kinetics characteristics of Huadian oil shale at various oxygen concentrations have been investigated by thermogravimetry. The combustion kinetic parameters have been calculated using the KissingerAkahira-Sunose and Friedman methods. An increase in the oxygen ratio in the atmospheres studied can enhance the oxidation of kerogen and accelerate the decomposition of inorganic matter, making the reaction more intense, especially for N 2 -based atmospheres, simultaneously increasing the activation energy, except for 30% O 2 /70% CO 2 . However, the improvement of combustion properties from further oxygen enrichment decrease sharply above the 50% oxygen concentration. Comparison of oil shale combustion processes in CO 2 /O 2 and N 2 /O 2 atmospheres with the oxygen concentrations of 10% and 20% indicate that organic matter combusts earlier and more vigorously in CO 2 -based mixtures than in N 2 -based atmospheres. This leads to higher average activation energies of organic matter combustion in CO 2 -based environments than in N 2 -based atmospheres. This is due to the different physical and thermal parameters of CO 2 and N 2 . With more active reaction sites appearing because of the increased oxygen concentration as well as increased pore and surface areas due to the CO 2 -char reaction, the activation energies in 30% O 2 /70% CO 2 are lower than those in the 30% O 2 /70% N 2 atmosphere. That difference of diluent gas decreases as the oxygen concentration increases above 50%, moreover, similar thermo-gravimetry curves, combustion performances and activation energies for oxy-fuel and conventional combustions at oxygen concentrations above 50% indicate that the element plays a leading role in organic matter combustion. For the better combustion performance and lower activation energies, an oxy-fuel combustion in 30% O 2 /70% CO 2 may be the best choice for oil shale combustion. Moreover, the behaviour of oil shale in the oxy-fuel combustion is similar to that in air (20% O 2 /80% N 2 ), which eases the design of oxy-fuel combustors.
